Abstract: In this paper we showed a systematic method of appropriate parameter choice for a circular pp collider by using analytical expression of beam-beam tune shift limit started from given design goal and technical limitations. A parameter space has been explored. Based on parameters scan and considerations from RF systems, a set of appropriate parameter designed for a 50Km and a 100Km circular proton-proton collider was proposed.
Introduction
With the discovery of Higgs boson on LHC, the world high-energy physics community is investigating the feasibility of a Higgs Factory as a complement to the LHC for studying the Higgs and interested in the frontier of high energy. The CERN people are busy planning the LHC upgrade program, including HL-LHC and HE-LHC. They also plan a more inspiring program called FCC, including FCC-ee and FCC-hh. Both the HE-LHC and the FCC-hh are proton-proton colliders aiming to explore the high energy frontier and expecting to find new physics [1] [2] [3] [4] . Chinese accelerator physicists also plan to design an ambitious machine called CEPC-SPPC(Circular Electron Positron Collider-Super Proton Proton Collider). The CEPC-SPPC program contains two stage. The first stage is an electron-positron collider with center-of-mass energy 240GeV to study Higgs properties carefully. The second stage is a proton-proton collider at center-of-mass energy more than 70TeV [5] [6] [7] . The SPPC design is just starting. We developed a systematic method of how to make an appropriate parameter choice for a circular pp collider by using analytical expression of beam-beam tune shift started from the required luminosity goal, beam energy, physical constraints at IP and some technical limitations.
Beam-Beam tune shift limit
In storage ring colliders, due to quantum excitation and synchrotron damping effects, the particles are confined inside a bunch. In e + e − colliders, the quantum excitation is very strong and the position for each particle is random and the state of the particles can be regarded as a gas, where the positions of the particles follow statistic laws. Apparently, the synchrotron radiation is the main source of heating. Besides, when two bunches undergo collision at an interaction point (IP), every particle in each bunch will feel the deflected electromagnetic field of the opposite bunch and the particles will suffer from additional heatings. With the increase of the bunch particle population N e , this kind of heating effect will get stronger. There is a limit condition beyond which the beam emittance will blow up. This emittance blow-up mechanism introduce a limit for beam-beam tune shift which was well discussed in reference [8] :
In pp circular colliders, the synchrotron damping effect is very weak. The position for each particle is not like that for electron which is random and the state of the particles cannot be regarded as a gas. Due to the lack of strong synchrotron radiation, the particles inside a bunch are very cold and one can trace each particle without missing it. When the bunches suffer from the strong nonlinear beam-beam forces, some particles located in the outer part of the bunch undergo nonlinear force induced stochastically motions. The number of this heated particles, N p,h can be estimated by N p,h = f (x)N p [9] . With
Where N p is the particle number inside a bunch, x is the limit between the cold core and the heated region. On this condition, the limit for beam-beam tune shift can be expressed as [9] :
2 dt (4)
Where N IP is the number of interaction point (When there are N IP interaction points, the independent heating effects have to be added in a statistical way), R is the dipole radius, r p is the classical radius of proton, τ y is the transverse damping time and T 0 is the revolution time.
Machine parameters choice
The design goal of energy of SPPC is about 70-100TeV using the same tunnel with CEPC which is about 50Km. A larger circumference like 100Km for SPPC is also being considered. We want to use the superconducting magnets which is about 20T [10] . We can develop a systematic way to calculate the parameter starting from the maximum beam beam tune shift limit and the design goal. Our design goal is: luminosity L 0 , beam energy E 0 , ring circumference C 0 and IP numbers N IP . Table 1 shows the goals, known quantities and constants. The luminosity for pp collider can be writen as [4] :
Where, F ca is the luminosity reduction factor due to cross angle [11] :
F h is the luminosity reduction factor due to hourglass effect [12] :
Put ξ y,max into the luminosity formula, we can get:
And, then the beta function at IP can be written as:
The RMS IP spot size:(σ
Beta at the 1st parasitic encounter with bunch separation ∆t :
RMS spot size at the 1st parasitic encounter:
The full cross angle [4] :
We can rewrite F ca as:
Where Φ is Piwinski angle, β * is beta function at IP, σ z is bunch length and ∆t is the bunch separation.
When the luminosity reduce less than 10% due to the crossing angle effect, we have F ca 0.9. From equation(17) we get :
Bunch numbers:
Bunch population:
Combining equation (11) From the definition of beam beam tune shift [11] :
We can get the normalized emittance:
Then we can calculate σ * β 1 σ 1 θ c and F h . Finally, we get the final value of the luminosity:
We can also calculate the follow parameters easily. Energy loss per turn [13] :
SR power per ring:
Accumulated particles per beam:
Stored energy per beam:
ARC SR heat load [15] :
:
Beam life time due to burn-off [11] :
The time required to reach 1/e of the initial luminosity [11] :
Other contributions to luminosity decay come from Toucheck scattering and from particle losses due to a slow emittance blow-up. An emittance blow-up can be caused by the scattering of particles on the residual gas, the nonlinear force of the beam-beam interaction, RF noise and IBS scattering effects. The synchrotron radiation damping decreases the bunch dimensions and can partially compensate the beam size blow-up due to the above effects. Assuming that the radiation damping process just cancels the beam blow up due to the beam-beam interactions and RF noise, one can estimate the net luminosity lifetime by [11] :
If the run time τ run fulfils equation(36), the integrated luminosity has the maximum value and the run time will be the optimum run time [11] .
Integrating the luminosity over one luminosity
where τ run is the optimum total length of the luminosity run.
The overall collider efficiency depends on the ratio of the run length and the average turnaround time. So the optimum average integrated luminosity/day[f b
−1 ] is [11] :
As a summary, we obtain a set of machine parameters with luminosity goal L 0 , beam energy E 0 , ring circumference C 0 and IP numbers N IP .
4 Compare the LHC parameter list with the parameter obtained by our method
To check our method, we use it to chose and calculate the LHC parameters and compare them with the LHC parameter list [15] . The second column in Table 2 is the parameter obtained using our systematical method, which is reasonable and nearly with the parameters in LHC parameter list. This indicates that our method is reasonable and more powerful. We can use this method to design and choose parameters for any proton proton circular colliders. 
Parameter scan
Using the method above, we scan the goal luminosity L 0 with different bending radius ρ, IP numbers N IP and different ratio of β * /σ z . Table 3 shows the input parameters. We get some meaningful results which are shown From Fig.1 to Fig.8 . Table 3 . Input parameters for machine design.
Bending radius ρ ratio of β * /σz 2 ∼ 4 5.9 ∼ 6.5Km 10 ∼ 20 Bunch number as the function of peak luminosity. Fig.3 and Fig.4 show that larger luminosity needs larger bunch population or larger bunch number. Larger bending radius and more interaction points indicate larger bunch population or larger bunch number at the same goal luminosity. Fig.6 tell us that the reduction factor according to cross angle has relationship with bunch separation(∆t) and the ratio of IP beta and RMS bunch length(β * /σ z ). The maximum value of this factor is 1, and larger β * /σ z makes this valve nearer to 1. If we want this effect reduce the luminosity less than 10%, we should have F ca 0.9. The dashed line in Fig.5 and Fig.6 is the value equal to 0.9, and we can easily get the important information from the figures. We should choose a larger β * /σ z , which about 15 is much reasonable and now the bunch separation is 25ns. If we want to choose a smaller bunch separation like 5ns, the ratio of β * and σ z should be more than 20. We should consider both of them and choose the eclectic values. Fig.7 shows the 3D diagram of the relationship of F ca , ∆t and β * /σ z . Fig .8 shows the reduction factor according to hourglass effect as the function of the ratio of IP β function and RMS bunch length. A large ratio makes larger F h value. To reduce the reduction of luminosity according to hourglass effect, we should also choose a reasonable larger ratio of β * and σ z . Overall speaking, we should decrease IP numbers and increase bending radius in order to achieve higher luminosity. N IP = 2 is the reasonable minimum value for IP number. Assuming the maximum dipole arc filling factor is 80%, 5.9 km bending radius will be a limit for the 54.7 km ring.
Constraints form RF system
As long as a set of beam parameters is determined, we need to check the RF system to see if the bunch length can be achieved. Firstly, considering the synchrotron radiation energy loss has to be compensated by the RF cavities, one finds [16] :
where V rf is the total voltage of the RF cavities and φ s is the synchrotron phase. According to eq. (72), one gets
We can estimate the RF frequency from the "pillbox" model. As the following picture shows. We can find the f rf via the Maxwell's equation and the boundary conditions [16] .
When the cavity inner radius R 0 = 30cm,f RF = 400M Hz is a reasonable choose [16] . In a storage ring with an isomagnetic guide field (one which has a constant radius ρ in the magnets and is straight elsewhere) the relative energy spread σ /E 0 can be expressed as [17] :
so,
where C q = 1.2817 × 10 −12 m is a constant. The nature bunch length is expressed by [17] :
where, α p is the momentum compaction factor, R is the average radius of the ring. ν s is the longitudinal oscillation tune which can be expressed as:
Where η p is the phase slippage factor, when v ≈ c,
And then the nature bunch length can be expressed as [17] [18]:
The energy acceptance can be expressed as [17] [18]:
where, q = eV rf /U 0 . Combining the eqs.(82) and eqs.(83), we can get the RF frequency f rf and the momentum compaction α p for given RF voltage V rf and energy acceptance η.
The synchrotron frequency [18] :
Bucket area [18] :
where the dimensionless function α(φ s )is the bucket area normalized to the case when φ s = 0. For the case η p < 0, we have
(86) when φ s = 0, α(φ s ) = 1, then the bucket area is 16νs h|ηp| . The bucket half height [18] :
when φ s = 0 ,we have bucket half height 2νs h|ηp| .
Machine parameter choice for SPPC
Combining the discussions above, we get a set of new design for the 54.7 km SPPC. We also tried to give a set of parameters for larger circumference SPPC, like 78Km or 100Km. Table 4 is the parameter list for SPPC. As a comparation, we put the parameter for LHC HL-LHC HE-LHC and FCC-hh together in Table 4 . [4] [10] The first plan for SPPC is using the same tunnel with CEPC. The circumference is 54.7Km which is determined by CEPC. We choose the dipole field as 20T and get centerof-mass energy 70TeV. If we want to explore the higher energy, we should make the circumference larger. When we want to explore center-of-mass energy 100TeV and keep the dipole field 20T, the circumference should be 78Km at least. At this condition, there is hardly space to upgrade. So a 100Km SPPC is much better because the dipole field is only 14.7T at this condition. If we make the dipole field 20T too, we can get the center-ofmass energy as high as 136TeV. In the parameter design of LHC HL-LHC HE-LHC and FCC-hh, the CERN people assume the beam-beam tune shift limit as a constant number [4] [11]. But we can find the beam-beam parameter has relationship with several parameters. A method to estimate the maximum beam-beam tune shift limit was developed in refrernce [9] . We compare the calculated numbers with the parameter list chosen numbers and find that these calculated numbers by analytical expression are much reasonable according to the real experimental numbers. We can easily get the ratio of the beam-beam tune shift of the list chosen number and the calculated number. The result was shown in Table 5 , we can find that HL-LHC's choice is much overlarge and the other machines' choices are more reasonable. 
Conclusion
In this paper, a systematic method of how to make an appropriate parameter choice for a circular pp collider by using analytical expression of beam-beam tune shift limit started from given luminosity goal, beam energy and technical limitations was developed. By using this method, we reveal the relations of machine parameters with goal luminosity clearly and hence give a parameter choice in an efficient way. We also show the parameter chose for a 50Km SPPC and larger circumference SPPC, like a 78Km SPPC or a 100Km SPPC.
